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Abstract 
Submerged floating tunnel (SFT) has been thought as a promising crossing technology and been studied in many countries for its 
realization. SFT has superior advantages to conventional crossing technologies such as bridge or subsea tunnel but it also requires 
technological innovation to keep the structural stability against environmental disturbance with safety measures for unexpected 
emergency. Therefore, various designs of SFT have been proposed for numerous crossing sites and its design standard has not yet 
been established.  
In Japan, the society of SFT research in Hokkaido, a consortium of the government, industries and academic organizations, 
had carried out a variety of feasibility studies through numerical simulations and experiments during the past 20 years in order to 
evaluate their applicability and to find out appropriate structural design. Geographical combination of water depth and crossing 
distance is one of the most important factors to decide the structural design as well as environmental conditions such as wave, 
current and earthquake. On the other hand, the balance of weight and buoyancy of the structure plays an important role to control 
the dynamic behavior of SFT when tension leg is used to stabilize a structure under water. Then, the materials used for the 
structure and the tension leg arrangements should be decided in order to satisfy those requirements.  
In this paper, recommended structural designs as well as their technological evaluation are introduced as a result of those 
various feasibility studies under different design conditions. 
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1. Outline of SFT research in Japan 
SFT, submerged floating tunnel, has been researched in various places as a new promising technology for strait 
crossing since it has unique and superior characteristics to conventional crossing structures [1–4]. The research 
society of SFT in Hokkaido, Japan was established in 1991 to realize SFT through experimental and analytical 
researches with feasibility studies. The society consisted of academic institutions including universities, 
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governmental offices and many industries namely in Hokkaido. They were divided into seven working groups to 
cover the wide area of research such as planning, structural and fluid analysis, design, construction and maintenance.  
As it is known, Japan consists of four major islands and numerous smaller islands. Then, strait crossing 
technology is necessary to establish infrastructural network to secure the safety and convenience for living. Fig. 1 
illustrates the existing strait crossings in Japan. Kanmon subsea tunnel, which connects the main island Honshu with 
Kyushu, and Seikan subsea tunnel between Honshu and Hokkaido are essential linkage for infrastructural network. 
The world largest suspension bridge, Akashi Kaikyo Bridge completed in 1998, is also a part of the fundamental 
network. However, those structures are always facing severe natural environmental conditions such as high wave, 
fast current, strong wind with typhoon, earthquake and activities of volcano. For our future, more strait crossings 
have been proposed shown in Fig. 2 and further technological challenge including SFT will be expected to 
overcome those severer conditions. 
 
  
Fig. 1. Major Existing Strait Crossings in Japan, 1: Kanmon 
subsea tunnels, 2: Honshu-Shikoku links with three routes 
including Akashi Kaikyo Bridge, 3: Seikan subsea tunnel 
and 4: Trans Tokyo Bay link with subsea tunnel and bridge 
Fig. 2. Major Strait Crossings proposed in Japan, 1: Houyo strait 
crossing between Kyushu and Shikoku, 2: Kitan Strait crossing 
between Honshu and Awaji island, 3: Isewan bay threshold 
crossing, 4: Tokyo bay threshold crossing and 5: Seikan Crossing 
for automobile 
 
I tried to evaluate the applicability of SFT based on the maximum water depth and the length of crossing to 
understand the strength of SFT to other conventional crossing technologies. Fig. 3 shows the relation between the 
maximum water depth and the length of crossing for existing and proposed strait crossings. Each marker stands for a 
structural type such as bridge, subsea tunnel, immersed tunnel and SFT. From Fig. 3, it seems possible to choose an 
appropriate structure corresponding to the depth and the length. In the case of bridge, for example, it is applicable 
even for a long crossing if the water depth along the bridge is shallow. Even if the water depth is rather large, it can 
be adopted unless the length of crossing is so large for a suspension bridge. When the water depth is small and 
seabed does not fluctuate sharply, immersed tunnel would be a suitable choice. In the case of subsea tunnel, it is 
applicable when the water depth is proportionally large to the length but it seems difficult for large water depth with 
comparatively short length like a fjord crossing. 
The crossing structure cannot be decided by the combination of the depth and its length only and social 
conditions such as the purpose of use and the effect on the scenery should be considered together as well as 
environmental conditions. However, it is important to understand that SFT is applicable for deep and long crossing 
and it can cover the area where no conventional structure can be built. 
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Fig. 3. Applicable crossing based on the depth and the length: The maximum water depth and the length of major crossing projects are plotted on 
the figure with suitable areas for the conventional crossing technologies and SFT 
2. Feasibility studies in Japan 
Feasibility studies done by the society are tabulated in Table 1. Funka bay crossing was the first feasibility study 
for the society and it requires various technological solutions under severe natural conditions with large water depth 
and length facing to ocean. In this section, several feasibility studies are introduced.  
Table 1. Major feasibility studies done by the society of SFT research in Hokkaido, Japan 
Name of project Location Purpose Length (m) Max. Water depth (m)
Funka Bay Crossing Bay threshold Motor vehicle 
Railroad 
30,000 120 
Toya Lake crossing Lake crossing Pedestrian 
Mono-rail 
3,000 100 
Rishiri Rebun Crossing Strait Crossing Lifeline 
Transportation system
22,000 200 
Ishikariwan Shinko In-port Crossing In-port Crossing Motor vehicle 972 15 
Daikokujima Crossing In-port Crossing Pedestrian 120 10 
Soya Strait Crossing Strait Crossing Motor Vehicle 
Railroad 
43,000 180 
Otaru In-port Crossing In-port Crossing Pedestrian 300 10 
Okinawa-Ie island Strait Crossing Strait Crossing Motor Vehicle 3,000 150 
 
2.1. Funka bay crossing 
Funka bay is located in the southern part of Hokkaido. This crossing connects the both ends of threshold of the 
bay as shown in Fig. 4 and it is expected to shorten the travelling distance from Tokyo to Sapporo, the capital of 
Hokkaido. The total length of the crossing is as long as 30km with the maximum water depth of 120m. Since the 
bay is facing to the Pacific Ocean, the environmental conditions are very severe. The wave condition for design, for 
example, is tabulated in Table 2 [5]. 
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Table 2. Wave condition for design of Funka bay crossing 
Significant wave height (m) H1/3 9.3
Maximum wave height (m) Hmax 18.6
Wave length (m) L 259.0
Period for max. wave (sec.) T1/3 13.0
 
The tunnel is planned for motor vehicle and railroad as shown in Fig. 5 so that the diameter of the section is as 
large as 23m. The clearance above the tunnel to the water surface is 30m to allow the navigation of large vessels. In 
the case of tension leg SFT, the tension leg arrangement and the buoyancy weight ratio (BWR) play very important 
role for controlling the dynamic response of SFT. Slack in the legs should be avoided or impulsive snap load 
following the slack becomes inevitable and it endangers every user in the tunnel. In order to prevent slack in leg, the 
following measures are usually recommended. 
 
 To set the BWR large and to expect enough initial tension in the leg against the fluctuation due to wave force. 
 To adopt round shape for the tunnel to prevent rotational moment due to fluid force. 
 To arrange the legs in cross section not to cause rotational torque by restoring force with horizontal and vertical 
displacements. 
 
By applying thin steel skin plate for perimeter of the tunnel and light weight concrete for the body, BWR is 
effectively set at 1.5. The four tension leg arrangements shown in Fig. 6 were compared to evaluate the dynamic 
motions under wave action [6]. It is obvious that type-B is likely to allow slack in leg due to rotational movement by 
restoring force. Although type-A which allows large horizontal displacement but rare slack is very effective against 
earthquake, the expected displacements due to wave were too large for motor vehicles and trains. Type-C and type-
D which restrain displacement small were thought preferable for this tunnel. However type-C is more likely to roll 
than type-D because the tension legs are installed lower than the center of gravity of the tunnel body. Through those 
studies, the leg arrangement type-D shown in Fig. 6 was adopted as the most suitable one. 
 
 
 
Hokkaido 
Funka Bay 
Funka Bay Crossing 
 
Fig. 4. Location of Funka bay and the crossing Fig. 5. Cross sectional view of the SFT 
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Fig. 6. Tension leg arrangements for comparison Picture 1. Image of Funka Bay Crossing with an air ventilation tower 
2.2. Daikokujima crossing for experiment 
Daikokujima is a small island located offshore of Etomo peninsula in Muroran, Hokkaido. The island itself works 
as a natural breakwater for Muroran port and about 1 km long breakwater expands from the seashore of Etomo to 
the island. We proposed an experimental SFT to observe the dynamic response of SFT due to wave and current. The 
artificial break water has a 100m long opening for small fishing vessels and pleasure boats, and the SFT was 
planned to connect this opening. Its total length is as short as 120m with a maximum water depth of 12m. Since the 
major part of the SFT is positioned behind the diffraction area of the breakwater, the design wave condition is 
relatively moderate. The primary purpose of this crossing was observation and data sampling. Then, no facility was 
equipped inside except for pedestrian walk. In addition, by adopting light weight concrete with exterior steel skin 
plate, the BWR of this tunnel was so large as 5.0 and the tunnel was supported with short tension legs to give firm 
constraint. Its cross sectional and side views are illustrated in Fig. 7. 
Since the purpose of use of this tunnel is limited to pedestrian walk, it becomes easy to equip the safety measures 
for emergency. Providing pressure walls at both ends to give higher pressure inside than atmosphere, leaking water 
into the tunnel can be prevented for the emergency. In addition, this proposal attracted interest of public through 
mass media and the illustration in Picture 2 drawn by Sachiko Asai, an amateur illustrator, was awarded first prize in 
an illustration competition held in the United States. The illustration was donated to the society after the competition. 
 
 
Fig. 7. The image drawing of Daikokujima SFT for experiment: The tube is firmly supported by tension legs 
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Picture 2. Illustration of Daikokujima SFT: “Muroran Submarine Tunnel” by Sachiko Asai 
2.3. Oinaoshi in-port SFT 
Oinaoshi SFT was the latest project among the feasibility studies. Oinaoshi is a name of fishery port located in 
Muroran and an artificial island was constructed inside of the breakwaters. The port authority decided to build an 
access from the seashore to this artificial island for pedestrian and motor vehicle. The length is 300m with the 
maximum water depth of 15m and a plate-girder bridge was also investigated as an alternative but competitive idea. 
The plan view of the port with the location of access is illustrated in Fig. 8. Since the access is planned behind the 
breakwaters, the design wave conditions are mild. However, the height and the width of cross section are as large as 
5m and 10m respectively to include two-lane road with pedestrian walk. This port has been used as a mother port for 
fishery vessels so that enough clearance for navigation above the tunnel should be secured. Then, we applied 
rectangular shape for the cross section with fixed pile support to utilize the inside area efficiently. The cross 
sectional view is shown in Fig. 9 and Picture 3 illustrates the image. 
The most important phase in this design was to decide the BWR for this tunnel. The seabed is covered with loose 
sand layer of 20m in thickness and large BWR is not necessary because the fixed support by steel piles can resist 
against tensile stress. In addition, the upward load due to buoyancy in ordinary condition is not favorable. 
Therefore, the BWR of the tunnel was set at 1.07 which means the buoyancy and the gravity force are almost in 
equilibrium. As a result, no load practically acts on the support in the ordinary condition and the load fluctuation in 
support due to wave is borne by the foundation through the piles. The safety factor for piles against pulling load is 
regulated larger than that against pushing so that the upward load is predominant in design for every pile. 
A comparative study was carried out by a governmental committee to select the suitable crossing structure 
between a plate-girder bridge and the SFT including their construction cost. The construction cost of SFT was 
evaluated more expensive by 30% than that of the bridge and construction of the first SFT in Japan was postponed. 
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Fig. 8. Plan view of Oinaoshi Port with the location of access: The artificial island is located inside of the breakwater and the access for the 
island was planned in the port along the break water from the seashore to the island 
 
Fig. 9. Cross sectional view: The tunnel is supported by steel 
piles 
Picture 3. Image of SFT: A view from the artificial island to the seashore 
3. Findings and technological evaluation 
SFT has not yet been realized unfortunately but we have accumulated numerous findings and knowledge, and the 
technological issues required for its realization have been understood.  
In the designing phase of SFT, one of the most important issues is to decide the BWR of SFT as well as its 
supporting structure, and it significantly affects on every calculation for structural stability. When tension leg is 
applied for the supporting structure, the tunnel should be light enough to expect appropriate safety margin in tension 
leg against the fluctuation in reaction force due to environmental loads. In addition, slack in leg must be avoided but 
it is likely to occur due to rotational movement of the tunnel. Then, round-shape tunnel is preferable to minimize the 
rotational torque due to fluid force. If an additional portion is necessary to fix the tension leg at the perimeter of the 
tunnel, its shape and size should be carefully evaluated for the torque. Tension leg arrangement is another important 
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issue. It is favorable that the restoring forces by legs due to tunnel displacement never cause rotational torque to 
prevent the slack. Then, symmetric arrangement of legs is recommended. On the other hand, large BWR requires 
enough resistance against upward force for the foundation. Then, the weight of gravity type foundation should be 
heavy or the length of pile becomes long with a large safety factor as a friction pile. The BWR should be decided 
carefully to satisfy the stability, safety and economy. 
Providing system redundancy is an essential but difficult issue for keeping the safety against emergency. It 
improves the system redundancy to increase in the number of legs and piles with smaller sectional area instead of 
one leg or pile. However, the statically undetermined degree is also increased and it makes tough to control the 
initial tension or initial load acting on the supporting structure. It significantly affects on the required accuracy in 
construction, and trimming technology during and after the installation might be expected. For decreasing the 
statically undetermined degrees, development of flexible tension leg with frictionless sheath may be effective. A 
flexible leg is installed around the tunnel through the frictionless sheath to tie the left and right legs. Then, the forces 
acting in the legs are automatically kept in equilibrium. This idea was proposed for Funka bay crossing shown in Fig. 
5.  
4. Conclusion 
SFT is a promising structure for strait crossing since it makes impossible crossings by conventional structures 
possible. At the same time, there exist various variations in design and it is not easy to select the suitable one for 
given conditions. If the BWR is set small and the tunnel is fixed firmly by supporting structure, some of the 
technologies used for immersed tunnels may be applicable. When a large BWR is adopted and the tunnel is moored 
by cables, knowledge accumulated for floating bridge might be helpful. For both, safety measure for evacuation and 
controlling technology for dynamic motion are essential with new technology for design, analysis and construction. 
In order to realize SFT as my personal view, thorough study on a pilot project under a given specific condition is 
desirable as its first step. Successful completion of the world first SFT will be a breakthrough of the technology and 
numerous SFT projects being proposed become a reality. 
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